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Abstract

A new method for the synthesis of copper-carbon nanocomposite using synthetic humic substances as a carbon
source is presented. The method is based on the pyrolysis of copper (II) humate in a reducing (Hz) and inert (Ar)
atmosphere. Thestructure and properties of the Cu/C nanocomposites were characterized byX-ray diffraction (XRD),
FT-IR spectroscopy, transmission electron microscopy (TEM), elemental analysis. The porous structure of Cu/C
nanocomposite was investigated by nitrogen volumetric adsorption.Under the conditions of the synthesis, a carbon
matrix with a very low degree of order is formed. It was found that the dimensional and structural characteristics of
the copper nanoparticles depend on the synthesis conditions and vary from 40 to 80 nm. Carrying out the synthesis
in a reducing atmosphere makes it possible to obtain the copper-carbon nanocomposites that do not contain
copper (I) oxide or copper (II) oxide phases. It was found out that an increase in the pyrolysis temperature
contributes to an improvement of the metal phase crystal lattice structure, an increase in the degree of the organic
component carbonization, and a change in the textural characteristics from mesoporous to microporous.

Keywords: nano-structures; copper-carbon nanocomposites; synthetic humic substances.

MIAb-KAPBOHOBI HAHOKOMITIO3UTHU HA OCHOBI CHHTETHUYHUXTYMIHOBHUX
PEYOBHH

BanenTtuHa A. JlutBuH,! Pomxep A6i Hito?
Yepkacwkuti HayioHabHUll yHieepcumem im. b, XmeavHuybkozo, 6yave. llleguenka, 81, Yepkacu, 18031, Ykpaina
2Bausbkocxidnutl yHisepcumem, Bausvkocxionuii 6yaveap, Hikocis, 99138, Kinp

AHoTan i

P03p06/1eHO HOBY METOAMKY CHHTe3y MiJb-KapO0HOBOr0o HAHOKOMIIO3UTY 3 BUKOPHMCTAaHHSM CHHTETUYHUX
rymMiHOBUX pe4O0BHH fIK A)kepesia Kap6oHy. B ocHOBy MeToaukM mokJjajeHo mipoaid kympym (II) rymary, axwuit
NpOBOAWJIM fAK Yy BiAHOBAWIOUili BoAHeBiil, Tak i iHepTHili aTrmocdepi. CrpykTypy Ta BiaacruBocri Cu/C
HAaHOKOMIIO3UTY OXapaKTepH30BaHO MeTOAOM peHTreHiBcbkoi AMdpaknii, IY-cmekTpockomii, npocBiyywo4oi
eJleKTPOHHOI MikpocKomii, e1eMeHTHOro aHaaisy. Ilopucry crpyktypy Cu/C HaHOKOMNO3UTY AOCHifAXKEHO METOL0M
06'eMHOi aacop6uii aszory. B ymoBax cuHTe3y (OpMYeETbCS KapGOHOBAa MaTpPHMIsA 3 Ay»Ke HHM3bKHM CTyNEeHeM
BINOPAAKOBaHOCTi. BcraHOB/IeHO, 0 PO3MIipHI Ta CTPYKTYPHi XapaKepHMCTUKM HAaHOYAaCTUHOK Miji 3aJj1exkaTh Bij,
YMOB CHHTe3y iBapiloThca Big 40 70 80 HM. [IpoBeAe HHA CMHTe3Yy y BiAHOBHIN aTMocdepi A03B0JIsAE OAEPKATH MiAb-
Byr/ieneBi HAHOKOMNO3UTH, 0 He MicTaATh ¢da3u kKynpym (I) okcuay a6o kynpym (II) okcuay. BcraHoBieHO, 10
NiABUILEHHA TeMmepaTypH miposisy cnpus€e BAOCKOHAJIEHHI0 GyJO0BM KpHUCTa/JiyHOI I'paTKU MeTaaidyHoOi ¢asmy,
NiABUIEHHIO CTyNeHA KapG6oHi3anii opraHiyHoi cKJ/1aA0Bol Ta 3MiHi TEKCTYypHHMX XapaKTePUCTHUK BiJ, Me30MOPUCTHX
A0 MiKpONOpPHUCTHX.

Karouosi cn106a: HAHOCTPYKTYPH; MiJib-KapbOHOBI HAHOKOMIIO3UTH; CHUHTETHYHI I'YMiHOBi pe4yOBHHM.
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ME/Ab-YIJIEPOJAHBIE HAHOKOMIIO3UTbI HA OCHOBE CUHTETHYECKHUX
I'YMHUHOBbBIX BEHIECTB

BasientuHa A. JlutBuH,! Pomxep A6u Hiio?
qepkacckull HAYUOHAIbHLIT yHUBepcUmMem uM. b, XmeavHuykozo, 6yave. llesuenka, 81, Yepkaccwl, 18031, Ykpauna
2BauscHesocmoyHblil yHusepcumem, BauxcHeeocmouHublll 6yaveap, Hukocus, 99138, Kunp

AHHoTAaI U

PaspaﬁoTaHa HOBasg MeTOJHWKa CUHTe3a MeAb-yrjiepogHOro HAaHOKOMIO3UTAa C HUCNOJb30BAHUEM CHHTETHUYECKHUX
TYMHUHOBBIX BelleCTB KaK MCTOYHHMKA yriepoja. B ocHOBy MeToauku moJiokeH nupoau3 Kynpym (II) rymara,
KOTOpPbI NPOBOJUIN KAaK B BOCCTAHOBHTE/JIbHOU BOJOPOAHON, TaK U MHEepPTHOM aTMocdepe. CTpyKTypa U CBoiicTBa
Cu/C HaHOKOMIIO3UTA OXapaKTEpPU30BaHbl METOAOM peHTreHoBckoi judpakupum, HK-cnekTpockonuu,
NPOCBeYHBaIOLIEl 3/IeKTPOHHON MUKPOCKONMH, 3/IEMEHTHOro aHaau3sa. [lopucryio crpykTypy Cu/C HAHOKOMIO3UTA
HCC/IeJ0BAHO METOJ0M 06GbeMHOH aAcop6LuM a3oTa. B ycioBUsX cuHTe3a popMupyeTcs KapGoHOBasi MaTpuua c
O4YeHb HH3KOH CTeleHbIo ynopsAaao4e€eHHOCTH. YCTaHOBJ'leHO, 4TO pa3MepHble U CTPYKTYPHbIE€ XdpaKepPHCTHKbI
HaHoO4YaCTUll MeJH 3aBHCAT OT chIOBl/lﬁ CHHTE€3a U BAPbUPYKWTCA OT 40 A0 80 HM. HpOBeﬂeHlfle CHHTEe3a B
BOCCTAaHOBUTEJILHOM aTMOC(l)epe MOo3BOJIAET NOJYYUTb MeAb-yIrjiepoAHble HAHOKOMIIO3UTHI, HE CoJAepiKaliue (l)asu
KynpyM (I) okcupga wiu kynpym (II) okcuga. YcraHoB/IeHO, YTO NOBbIIIEHNE TEMIIEPATypbl NUPOIM3a CIOCOGCTBYE T

COBEPUIEHCTBOBAHUIO CTPOEHUS KPUCTA/IMYECKOM pemeTKH MeTa/linyeckoil ¢asbl,

NOBBIIIEHHUI0 CTENEeHH

Kap60Hnsaunn OpPaHl/I‘lECKOﬁ COCTaBJIﬂlOH.leﬁ U U3MEHEHHUU TEKCTYPHBIX XapaAKTEpPHUCTUK OT ME30NOPpUCTHUX K

MHUKPONOPUCTBIM.

Katouesvle cnosa: HaHOCTPYKTYDPbI; MeJib-yTIJiepoAHble HAaHOKOMIIO3WUTbI; CUHTETUYeCKHWEe T'YMHUHOBLIE BelleCTBa.

Introduction

Metal/carbon nanocomposites are
nanostructures containing metal nanoparticles
stabilized by a carbon shell. As a result of the
stabilization of metal particles by the carbon
phase, chemically active metal particles are stable
in air and when heated [1-3]. The association of
the metal phase and the carbon component gives
the composite unique properties, which are
currently the subject ofintense research.

The specific physical and chemical properties of
Cu/C nanocomposites determine their wide
application in catalytic [4; 5], optical [6], sensory [7]
and electronic devices [8]. In addition, copper
nanoparticles have antibacterial properties [9; 10] and

are an alternative to more expensive silver
nanoparticles in medicine.
Obtaining nanostructured metal-carbon

composites that are pure, regularly constructed, with
specified functional properties, morphology, and
composition is a complex multi-stage process. The
most common methods for obtaining metal
nanoparticles on the surface of a carbon matrix are
vapor deposition (CVD), pyrolysis, electron beam
exposure, chemical reduction with ultrasonic
stabilization, and carbonization [11-15].

One of the practically important methods of
obtaining metal-carbon nanostructured materials
is the thermal decomposition of organometallic
precursors of various nature in a hydrogen flow.
An important fundamental problem, the solution
of which opens up the possibility of controlling the
structure of nanocomposites, is the study of the
dependence of the metal particles size and the
metal-carbon nanocomposites structural
characteristics on the conditions of their
preparation.

In this work we present a method for the
preparation of Cu/C nanocompozites via the
carbonization of a copper-containing precursor
obtained by the interaction of CuSOs with
synthetic humic substances. By using synthetic
humicsubstances as a source of carbon, we expect
to obtain a nanocomposite material with the
regular distribution of Cu nanoparticles in the
carbon support. In contrast to the traditional
precursors, synthetichumic substances carbonize
during pyrolysis without melting the sample with
the formation of a minimal amount of by-products.
During the pyrolysis of humic substances in a
hydrogen atmosphere, one can hope to obtain
amorphous carbon of high purity. The effect of
thermal decomposition conditions on the
structure and sorption properties of Cu/C
nanocomposites was studied.

Experimental part

Tannin (99 % purity, analytical grade) was
purchased from Sigma Aldrich (Germany). Other
chemicals were of analytical grade (Merck,
Germany). Deionized water from Milli-Q system
(Millipore) was used for all the samples
preparation and dilutions.

The precursor in the synthesis of copper-
carbon nanocomposite was synthetic copper
humate. The copper humate was obtained from
humic substances synthesized according to the
method described in [16]. 100 ml of the solution
containing 1.5 g of synthetic humic substances
was neutralized with alkali to pH = 11. 10 ml of
1 M CuSO; solution was added to the resulting
solution. The precipitate was washed by the
decantation, filtered and dried at 120 °C. The
pyrolysis of dried copper (II) humate was
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performed in a hydrogen atmosphere in the
temperature range of 300-900-°C. In each
experiment the weight loss of the original
copper(Il) humate was determined by weighing
the crucible with the substance before and after
the pyrolysis with an accuracy of 0.0001 g. The
pyrolysis time was 1 h from the moment of
reaching the nominal temperature. The reactor
tube was also cooled to the room temperature by
passing hydrogen through the system.

The phase and crystal structures of Cu/C
nanocomposites were characterized using X-Ray
diffraction (Bruker D8 Advance) with CuKa
radiation (A = 1.54184 A). The measurements
were performed in a 20 range of 10-90° with a
scanning step 0.03° and exposure time 5 s/step.
The average crystallite size of the copper
nanoparticles was estimated using the Scherrer
equation:

k-4
B-cosO’
where the value of D - the size of the crystallites, A
- the wavelength of radiation, 8 - the Bragg
diffraction angle and 8- the intrinsic (true) profile
full width at half maximum intensity.

The FT-IR spectra of the samples were
recorded by the Perkin Elmer Spectrum One
Fourier spectrometer with a resolution of 2 cm-!
over a scanning range 4000-400 cm-1 using KBr
pellet method. The tablet samples were made by
pressing the Cu/C nanocomposites with KBr in a
ratio of 0.7-1 mg, 70-100 mg, respectively. The
tablets were pressed under a pressure of 10 MPa.
The preparation of samples in this way made it
possible to obtain informative spectra. IR spectra
were recorded using a Perkin Elmer Spectrum One

Fourier spectrometer.
The photomicrographs were recorded on a
SELMI TEM-125K transmission electron

microscope at an accelerating voltage of 100 kV.
The samples for the TEM study were grounded in
an agate mortar with alcohol. The resulting
suspension was applied toa copper mesh covered
with a carbon film.

The adsorption-desorption isotherms of
nitrogen with a purity of 99.99 % were measured
by the volumetric method at77 Kand atmospheric
pressure (~ 760 torr) using Sorptomatic 1990.
The specific surface area (SBET) was estimated
using the BET (Brunauer-Emmett-Teller)
equation [17]. The micropore size was calculated
using Horvath Kavazoe equation [18]. The
micropore  volume in  obtained Cu/C
nanocomposites was calculated using t-plot
method [17].

Results and discussion

Synthetic humic substances are polyfunctional
compounds containing carboxyl, hydroxyl and
carbonyl groups in which theyform insoluble salts
with multiply charged metal cations [19]. In
addition, the polyfunctionality of synthetic humic
substances allows metal ions to be evenly
distributed over the organic matter [20]. Similarly,
adding an excess of copper (II) sulfate to an
alkaline solution of synthetic humic substances
leads to the formation of a brown precipitate of
copper (II) humate, which, according to X-ray
phase analysis, has an amorphous structure.
Heating in the hydrogen atmosphere leads to the
decomposition of the formed precipitate. In the
hydrogen atmosphere, copper (II) cations are
reduced to the zero-valence state and metal
nanoparticles grow. The thermal decomposition
of the humicresidue leads to the formation of a
carbon matrix, which contains reduced copper
nanoparticles. The thermal decomposition of
copper(II) humate in an inert atmosphere
similarly leads to the reduction of copper and the
formation of a copper-carbon nanocomposite.

Fig. 1 shows the IR spectra of the synthetic
humic substances,washed and dried precipitate of
copper (II) humate and the Cu/C nanocomposite.
The position of the main absorption bands in the
IR spectra of copper (I1) humate corresponds with
the initial humic substances, but is not observedin
the IR spectra of the Cu/C nanocomposite. The
latter is due to the decomposition of the organic
part of the complex during the pyrolysis reaction
and its carbonization. The detailed analysis of the
IR spectra makes it possible to establish the
formation of the corresponding intermediate
products at various stages of the nanocomposite
preparation process.

a

A

Transmittance

T T T T

3300 2600 1900 1200 500
Wavenumber, cm™

4000

Fig. 1. IR spectra of synthetic humic substances (a),
copper(ll) humate (c), Cu/C nanocomposite obtained at
300°C in H2atmosphere (c).



22

Journal of Chemistry and Technologies, 2021, 29(1), 19-30

The IR spectra of all the compounds exhibit a
broad band at about 3400 cm-l, which
corresponds to the vibrations of hydroxyl groups
both in the organic part of the complex and in
water molecules. Two bands at frequencies of
2927 cm-1 and 2846 cm-!, that correspond to the
stretching vibrations of the C - H bond in CH2 and
CH3z groups, are alsoobserved in the spectra of the
starting humic substances and copper (I1) humate,
but are practically absent in the spectrum of the
product. The absorption bands of the stretching
vibration of the C = O group at 1750-1730 cm-,
that are characteristic of humic substances
[20; 21], are poorly expressed in the IR spectrum
of humic substances. This is due to the overlap of
this band with a wide intense absorption band of
water molecules deformation vibrations at
1600 cm-L. In the spectrum of copper (II) humate,
the absorption band of the C = O group has even
lower intensity, which is typical for the salts of
humic substances [21]. In the IR spectrum of the
Cu/Cnanocomposite, vibrations of the C = O group
are not observed due to their elimination during
thermal transformation.But in theseranges, there
is an absorption band at 1084 cm-!, which is
similar to the stretching vibration of the Cu-C
bond in copper (I) acetelenides [22]. The
absorption in the region of about 1400 cm-,
observed in the IR spectra of humic substances
and copper (I1) humate, may be due to the bending
vibrations of the OH group and stretching
vibrations of the C-O in phenolic OH groups, as
well as the bending vibrations of the CH in CHz or
CHsgroups|[21;22].

Based on the analysis of IR spectra, it can be
concluded that the carbonization of the organic
part of copper (II) humate is high as a result of
pyrolysis, resulting in the formation of a
carbonaceous substrate of nanocomposites.

The influence of the synthesis conditions was
studied by reducing copper (II) humate in an inert
and reducing atmosphere at different
temperatures. Heating was performed in the
temperature range from 300 to 900°C. The
samples obtained by decomposition of copper (II)
humate in a hydrogen and argon atmosphere at
different temperatures were marked Cu/C-Ha-t
and Cu/C-Ar-t, respectively, where t corresponds
to the temperature of the decomposition reaction.

On the diffraction pattern of the Cu/C
nanocomposite (Fig. 2) obtained by reduction of
copper (II)humate in a hydrogenatmosphere, five
clear reflexes are observed at 20 = 43.4°, 50.8°,
74.4°,90.0°and 95.2°. This corresponds to a face-
centered cubiclattice of copper [23]. The reflexes

are broad, which may indicate the

nanocrystallinity of the sample.
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Fig. 2. Diffraction pattern of the copper-carbon
nanocomposite
obtained in a hydrogen atmosphere at300 °C

At the decomposition of copper (II) humate in an
inertatmosphere, the reduction occurs due to the
remainder of humic substances. This leads to the
formation of metallic copper and copper (I) oxide.
On the diffraction patterns of such samples,
reflections from the fcc lattice of copper are
observed (Fig. 3). In addition, the diffraction
patterns have one intense reflection at 26 = 36°
and two low-intensity reflections at 20 = 42°,62°,
corresponding to the copper (I) oxide phase. The
broad peak in the range of angles 26 = 20° ~ 30°,
which corresponds toamorphous carbon [24], has
a low intensity and is hardly noticeable in the
diffractograms of both composites.

6000
5000 Cu(l11)
4000 4
£
8 2000 4
= [
2000 Cu (200)
. Cu(311)
r Cuz0 Cu(220) Cu
1000 4 (111) Cug0 @
L @2 l
0 T T T T
30 44 58 72 86 100
20, degree

Fig. 3. Diffraction pattern of the copper-carbon
nanocomposite obtained ininertatmosphere at300 °C

Thus, pyrolysis of copper (II) humate in a
reducing atmosphere makes it possible to obtain
Cu/C nanocomposites that do not contain copper
(I) oxide or copper (II) oxide phases within the
sensitivity range of the diffractometric method.
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It should be noted that carrying out thermal
decomposition in an H; atmosphere makes it
possible to obtain nanocomposites with the
carbon content of about 50 %, while as a result of
the reaction in an inert atmosphere, the carbon
content is 35 %, since the reduction in this case
occurs due to the organic part of the molecules.
Therefore, carrying out the thermolysis reaction
inahydrogen atmosphere simultaneously ensures
the complete reduction of metal cations to the
zero-valent state and the maximum retention of
the carbon.

At the temperatures above 300°C, the
carbonization processes develop in the residue of
humicsubstances, which leads to the formation of
a graphite-like structure with a low degree of
order. According to the results of X-ray phase
analysis on the diffractograms of the samples

obtained in areducing atmosphere, an amorphous
haloisrecorded in the range of angles26 = 25-30°,
which is associated with the irregular
displacement of the graphene planes relative to
each other and the small size of the coherent
scattering regions of the crystallites of the
graphite-like phase (Fig. 4 c). In this case, there are
no other reflection peaks. This indicates a low

degree of  carbon graphitization  in
nanocomposites and the formation of a
turbostratic  structure  characteristic  of

amorphous carbon. With an increase in the
pyrolysis temperature, the intensity of the peak
increases (Fig. 4 c)due toan increase in the size of
the crystallites of the graphite phase. However,
even at the tpyrolysis temperature of 900 °C, the
formation of a clearly pronounced graphite phase
does not occur.

() (b)
CuC-Ar-900
CuC-Hz-900
£ £ | cuc-Ar-700
§ g
S Mo
CuC-Hz-700 i e Js
CuC-Hz-300
- CuC-Ar-300
93 94 95 96 97 93 94 95 96 97
20, degree 20, degree
CuC-Hy-900 (c)
£ | CuC-H,-700
8
S
CuC-Hz-300
15 20 25 30 35
20, degree

Fig. 4. Diffraction patterns of nanocomposites: large angular of intensity maxima (222) of the fcclattice plane of
copper in nanocomposites CuC-Hz-t (a) and CuC-Ar-t (b); the range of angles 20 = 15-35° (c)

The increase of the pyrolysis temperature does
not change the lattice period of copper
nanoparticles. However, the increase of the

temperature contributes to the improvement of
the crystal lattice structure of the metal phase,
which is clearly seen by the change in the large-
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angle intensity profile of fcc-Cu. Figures 4 a and 4
b show diffraction patterns in the region of large
angles of fcc-Cu (222) for nanocomposites
obtained at 300, 500, 700, and 900°C in a
hydrogen and inert atmosphere, respectively. The
increase of the pyrolysis temperature causes a
decrease in the blurring of the maximum at the
base, anincrease initsintensity and the release of
a-doublet. Such changes in the structure of fcc-Cu
are obviously due to the processes of nucleation,
growth, and relaxation of the structure of the
metal phase. The increase in the reaction
temperature leads to an increase of the growth
rate and, accordingly, to an increase of the
nanoparticles size. At the same time, the
temperature factor contributes to the relaxation
processes of the structure. A significant increase of
the size of nanoparticles with the increasing
pyrolysis temperature is not observed due to the
limitation of the mobility of metal atoms in the
carbon matrix.

The TEM study of the samples obtained in the
atmosphere of H: showed that copper

nanoparticles were distributed in a carbon matrix
and had a spherical shape. The average sizes of

copper nanoparticles and size distribution were
calculated (Table 1, Fig. 6). The size of Cu
nanoparticles in the CuC nanocomposites are in
the range from 5 to 200 nm. At the same time,
there are relatively few largemetal inclusions, and
most of them have a size 0of 40-80 nm

111
200 311
220
900°C: 222
£ 1o )
g
-
S |700°C I ) ,
500°C l ) " \
weee |, .
20 44 58 72 86 100

28, degree

Fig. 5. Diffractograms of Cu/C nanocomposites obtained at
different temperaturesinahydrogenatmosphere
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Fig. 6. Micrographs of samples nanocomposites CuC-Hz-300 (a), CuC-Hz2-900 (b),
CuC-Ar-900 (c) and histograms of nanoparticle size distribution
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Table 1

Sizes of copper nanoparticles and crystal lattice parameters in Cu/C nanocomposites obtained at different
temperatures in an atmosphere of H2

Sizes of nanocrystallites

. Sizes ofnanocrystallites
Lattice parameter (a),

Sample calculated by the Scherrer o calculated by the TEM images,
(x0.01) A
formula (+ 1), nm nm
Cu, bulk - 3.6150 -
CuC-H2-300 33 3.6156 64
CuC-H2-500 36 3.6156 68
CuC-H2-700 45 3.6156 73
CuC-H2-900 47 3.6180 80

The wide particle size distribution can be due
to the uneven distribution of Cu?* cations in the
organic fulvate matrix. Carrying out the reduction
reaction in the solid phase complicates the
migration of metal atoms during the formation
and growth of nanoparticles, which also
contributes to the formation of crystallites of
different sizes.

As a result of the pyrolysis in an inert
atmosphere, poorly faceted nanoparticles are
formed, which complicates their detection in
micrographs (Fig. 6, c). Large dark areas in the
images can correspond both to the aggregated
nanoparticles and several overlapped layers of
carbon.

The average sizes of nanoparticles calculated
from the microscopic data differ from those
calculated from the X-ray phaseanalysis data. This
difference can be explained by the wide size
distribution of nanoparticles. The presence of
small nanoparticles affects the average size value
calculated from the X-ray diffraction data. At the
same time, the inclusion of nanoparticles in the
carbon matrix reduces their contrast in
micrographs, which interferes to theidentification
of small nanoparticles.

The detailed analysis of the IR spectra of Cu/C
nanocomposites makes it possible to establish the
nature of the surface of the carbon carriers
obtained in the thermal decomposition reaction.
The spectra of the CuC-Hz-t samplesare shown in
Fig. 7. They have a low intensity of absorption
bands, which is due to the carbonization of the
fulvate residue, that already occurs at 300 °C. IR
spectra of nanocomposites obtained at different
temperatures have a similar form. The broad
strong absorption band at about 3400 cm-1 can be
attributed to the stretching vibrations of OH
groups, which can be located on the surface of the
carbon substrate or be a part of sorbed water. The
presence of water is evidenced by an absorption
band atabout 1600 cm-t, which corresponds to the
bending vibrations of H20 molecules. At the same
time, the band of the stretching vibration of the
C=0 group at 1750-1730 cm-1, characteristic for

acids, is not observed in the spectrum, which
indicates a high degree of the fulvate residue
conversion. The absorption bands at 2925 cm*!
and 2850 cm-! correspond to the stretching
vibrations, and 1400 cm-! to the deformation
vibrations of the CH bond, and the band at about
1410 cm-! to the deformation vibrations of the O-
H group bound tothe phenolicring.

The broad absorption band atabout 1080 cm-!
with high intensityis due to stretching vibrations
of the Cu - C bond, similar to those in copper (I)
acetelenides [21].

Transmittance, %o

3300 2600 1900 1200 500
Wavenumber, cm’

4000
1

Fig. 7. IR spectra of the decomposition products of
copper (II) fulvate in the hydrogen atmosphere at
different temperatures: 300 °C (a), 500 °C (b), 900 °C (c)
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Fig. 8. Diffraction patterns of Cu/C nanocomposites obtained
at different temperaturesininertatmosphere
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Table 2

Sizes of copper nanoparticles in Cu/C nanocomposites, obtained at different temperatures in the inert atmosphere

Sizes of nanocrystallites calculated by

Lattice parameter (a),

Sample the Scherrer formula (+ 1), nm (£ 0.01) A

Cu, bulk - 3.6150
CuC-Ar-300 40 3.6156
CuC-Ar-400 44 3.6156
CuC-Ar-500 46 3.6156
CuC-Ar-600 49 3.6156
CuC-Ar-700 49 3.6156
CuC-Ar-800 52 3.6156
CuC-Ar-900 52 3.6252

The effect of the copper (II) humate
decomposition reaction temperature in an inert
atmosphere on the composition and structural
properties of the obtained Cu/C nanocomposites
was also investigated. Heating at a temperature
above 300 °Cleadstothe reduction of copper. The
fcc phase of copper was identified from the signals
in the diffraction patterns (Fig. 8). Signals on the
diffraction patterns are broadened, indicating the
nanocrystalline copper content in the samples.
The average sizes of nanoparticles calculated by
the Schererr formula are 40-52 nm (Table 2).

With anincrease in the reaction temperature from
300 to 900 °C, the size of nanoparticles increases
dueto the increase in their growth rate.

The weaker reducing properties of humate in
comparison with hydrogen cause incomplete
reduction of copper at heated to 300-500 °C, as a
result, the signals from the Cuz0 (111) plane are
observed in the diffractograms of these samples.
Pyrolysis at high temperatures makes it possible
to obtain nanocomposites that do not contain
copper (II) oxide.

Transmittance, %
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1900 1200

1

500

Fig. 9. IR spectra of the decomposition products of copper (II) fulvate at different temperatures in the inert
atmosphere of 300°C (a), 500°C (b), 700°C (c), 900°C (d).

Similarly to the samples obtained in a hydrogen
atmosphere, a wide and diffuse reflection peak
from the graphite-like phase with a low intensity
is observed on diffractograms Cu-Ar-300 in the
range ofangles 20 =25-30° (Fig. 8). This indicates
the presence of a turbo-strained structure. The
increase of the reaction temperature causes a
decrease in the reflection intensity in this region.
[t can be caused by a decrease in the amount of
carbon in the nanocomposites due to its thermal
decomposition, and is not observed for the
samples obtained in a hydrogen atmosphere.

The IR spectra of the CuC-Ar-tsamples (Fig. 9)
exhibitbands similar tothe samples obtained in a

hydrogen atmosphere, indicating a similar nature
of the surface groups on the carbon substrates of
both series of samples.

Sorption properties of Cu/C nanocomposites.
According to the data of nitrogen adsorption (Fig.
10), Cu/C nanocomposite obtained in a reducing
atmosphere at 300 °C, preferably have a
mesoporous structure. This means that the values
of volume and specific surface area of micropores
are significantly lower than the corresponding
data for mesopores (Table 3)
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Fig. 10. Isotherms of ad(de)sorption of nitrogen by Cu/C nanocomposites: CuC-H2-300 (a), CuC-H2-700 (b), and CuC-Ar-500
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The wide hysteresis observed on the isotherm
(up to p/ps = 0.5) can indicate the presence of
either bottle-like mesopores, in which the
diameter of the cavities is morethan twice that the
diameter of the inlets, or open slotted mesopores.
In addition, the presence of a hysteresis loop can
also be a consequence of the rupture of the
meniscus (the tensile strength of nitrogen at
rupture correspondstop/ps = 0.5), so the sample
can be monoporous. The specific surface area
(SBET) calculated by the Brunauer-Emmett-Teller
(BET) method [17]is 96 m2/h.

Pyrolysis at high temperatures leads to the
formation of materials with a microporous
structure. The adsorption datafor the CuC-H2-700
sample indicate a significant increase of the
volume of micropores with a simultaneous
decrease in the part of mesopores. Accordingly, an
increase of the specificsurface areato 282 m2/gis
observed. It can be assumed that heating the
precursor to high temperatures leads to the
collapse of the mesoporous structure and the
formation of micropores in the process of further
carbonization.

Table 3
Adsorption and structural characteristics (N2, 77 K) of Cu/C nanocomposites
Dmeso, Vmicm, X
Sample SBET, m2/g Vs, cm3/g | Vmeso,cm3/g am em?/g Dmicro, nm
CuC-H2-300 96 0.17 0.16 412 0.01 0.61
CuC-H2-700 282 0.14 0.03 - 0.11 0.58
CuC-Ar-500 27 0.01 - - 0.01 0.64
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According to the adsorption data, the Cu/C
nanocomposite obtained in an argon atmosphere
has a microporous structure with a significantly
lower total pore volume (Table 3), which is
primarily due to a significantly lower carbon
content in this sample compared to the previous
one (35% compared to 50%). With a decrease in
the pore volume, a corresponding decrease in the
specific surface of the sample to 27 m2/g is
observed.

Conclusion

The copper nanoparticles in the amorphous
carbon matrix were obtained by solid-phase
pyrolysis of copper(II) humate in a reducing (Hz)
and inert (Ar) atmosphere.Copper(I1) humate was
obtained by precipitation from a solution of
synthetic sodium humate by Cu?2+ ions. In the
synthesis temperature range from 300 to 900 °C
the size of metal particles in the nanocomposite
increases from 40 to 80 nm. The detailed analysis
of the IR spectra made it possible to establish the
formation of the corresponding intermediate
products at various stages of the nanocomposite
preparation process. Pyrolysis of copper (II)
humate in a reducing atmosphere of H2 makes it
possible to almost completely eliminate the
oxygen present in synthetic humic substances
from the final product, partly in the form of CO.,
and partly as water. Transition metal ions under
these conditions are reduced to metal atoms,
which form nanoparticles surrounded by a spatial
network of linear and cyclic carbon blocks
chaotically connected into a rigid structure.
Thermal decomposition in a hydrogen
atmosphere ensures the complete reduction of
Cu?+ionsto Culand the retention of the maximum
amount of carbon (about 50 %). The proposed
method makes it possible to obtain a coating that
is resistant to oxidation, and the polyfunctionality
of synthetic humic substances ensures a uniform
distribution of nanoparticles in the copper-carbon
nanocomposites. Pyrolysis in the inert
atmosphere leads to the formation of the copper
oxides, in addition to the copper nanoparticles,
and the carbon content does not exceed 35 %. The
sorption properties of nanocomposites depend on
the synthesis conditions. In particular, with an
increase of temperature from 300 to 900 °C the
structure of the nanocomposite changes from
mesoporous to microporous. In addition, the
increase of the pyrolysis temperature in a
hydrogen atmosphere leads tothe increase in the
specific surface area ofthe obtained material from
96to0 282 m2/g.
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